To realize active light control with a compact structure, a nanoscale optical switch-based plasmonic demultiplexer is proposed. The device is designed according to the metal-Kerr nonlinear material-metal waveguide with multiple resonant cavities, providing the capability of active optical regulation for dual wavelengths: Signals of 1310 and 1550 nm can be guided into either output with high directional extinction ratios larger than 30 dB controlled by another pump light of 730 nm with low power. Considering its light control capability and compact configuration, it is believed that the proposed demultiplexer can be adopted in the future logic plasmonic circuits.
Introduction
Requirements and demands in nanoscale optical chips expedite the developments in nanophotonics, as photonic crystals and silicon photonics, etc. Among them, research on surface plasmon polaritons (SPPs) develops rapidly since SPPs not only enable subwavelength optics beyond the diffraction limit [1] , but also own high local field intensity and sensitivity, therefore, SPP has great potentials in the nanoscale integrated systems [2] . Various applications according to SPPs were proposed as sensors [3] , gratings [4] , waveguides [5] , [6] and super-lens [7] , [8] . While compared to these passive SPP components, the active devices used for all-optical signal processing attract more attentions, Salamin et al. presented an experimental study on the metal-insulatormetal (MIM) based plasmonic phase modulator using electro-optic effect [9] , Ma et al. demonstrated a deep subwavelength waveguide embedded plasmon laser [10] , [11] . Among these active devices, those controlling the SPP propagation attract much attentions. Xu et al. realized the dichroic splitting with a cascaded grating, which controls the propagation direction according to the wavelength of the excited light [12] . Additionally, different focal locations were generated with incident light of different wavelengths [13] , [14] . However, these wavelength based SPP control often requires various exciting sources, which complicate the device design, therefore, other tactics with less requirements are still in demand. Beginning with the asymmetric coupling reported by Lee et al. [15] , Zayats et al. [16] and Capasso et al. [17] , the polarization controlled plasmonic devices become choices for optical modulations, since the intensity and propagation of the generated SPP wave can be controlled by the incident light with different polarizations [18] - [26] . Besides, similar to the optical regulation based on the spin angular momentum representing polarization, SPP wave propagation can also be controlled with the orbital angular momentum using different optical vortex: the excited SPPs can be directed into different propagation directions with excited light owning different topological charges [27] - [31] . However, compared to the optical regulation based on the spin and orbital angular momentum, intensity based regulation tactics attract more attention since the exciting sources can be adjusted easily compared to those requiring specific polarizations and topological charges [32] - [34] . Lu et al., Tian et al. and Tao et al. proposed all-optical switching using the waveguide configuration combining with resonators, the intensity of the output signal light can be controlled with the pump light [35] - [37] . Liu et al. designed an optical switch according to the asymmetry electromagnetically induced transparency [38] . While most of them only realized optical switching with a single channel, moreover, the reported works only focused on the optical control using mono-wavelength, these shortcomings limit their potentiality in the all-optical signal processing systems. Here, in order to expand the application of the intensity based optical control, an active dual-wavelength optical switch based plasmonic demultiplexer is proposed. With Kerr material filling in the waveguides, signals with the working wavelengths of 1310 nm and 1550 nm can be guided into different channels with high directional extinction ratios larger than 20 controlled by another pump light with the wavelength of 730 nm. Additionally, based on the classical MIM waveguide, the proposed plasmonic demultiplexer has rather simple and compact configuration, owning the integration potentials in the photonic and plasmonic logic circuits. Though the MIM waveguide structure may cause loss in the integrated circuits, the propagation loss is low because the propagation distance of light is short due to the tiny size of the usually used MIM waveguides. If using the low-loss sub-wavelength integrated plasmonic waveguides [39] , the loss can be further reduced. To verify the capability of the designed structure, numerical simulation based on Finite Difference Time Domain (FDTD) is proposed, proving that the proposed device can be future adopted in the nanoscale integrated systems.
Structure Design and Optimization
The structure of the proposed optical switch based plasmonic demultiplexer is shown in Fig. 1(A) . The design is based on a metal-Kerr nonlinear material-metal waveguide: the cladding of the waveguide is chosen as silver, which permittivity is according to Johnson and Christy [40] ; while the core of the waveguide is filled with the nonlinear organic polymer as a Kerr nonlinear material, which permittivity ε k = ε 0 + χ 3 |E | 2 depends on the intensity of electric field, and ε 0 is 2.31, χ 3 is 1.4 × 10 −7 esu according to [41] . The metal-Kerr nonlinear material-metal waveguide configuration is similar to the classical metal-insulator-metal waveguides, despite the refractive index of the Kerr nonlinear material can be regulated with another pump light. Both the pump light and the signal light are input through Port 0 via a channel with the width of W , and the left and right outputs are defined as Port 1 and 2, respectively. Four square resonant cavities (A-D) filled with the Kerr nonlinear material owning different sizes of H 1 , H 2 , H 3 and H 4 are located symmetrically. The intervals between the resonant cavity pairs A-B and C-D are L 1 and L 2 , respectively. Besides, additional waveguides with lengths of d and widths of s are used as connections between the main waveguides and the resonant cavities. Each resonator acts as a Fabry-Perot (FP) cavity controlling the resonance wavelength, which can be estimated by
, n e f f is the effective refractive index in the FP cavity, and the positive integer m is the resonance order of the FP cavity [42] . Here, we use the first resonance order to design the wavelength demultiplexer. The signal wavelengths λ s1 and λ s2 are set in the infrared band, while the wavelength of the pump light λ p is 730 nm, which is far away from those of the signal light in order to avoid the crosstalk. Fig. 1 (B) reveals the transmission spectra of both ports without and with the pump light. In this case, the demultiplexer is a non-optimized prototype with the parameters as W = 50 nm, L 1 = 1520 nm, L 2 = 1100 nm, d = 90 nm, s = 20 nm, H 1 = 360 nm, H 2 = 340 nm, H 3 = 420 nm and H 4 = 440 nm. According to the spectral configuration, it is possible to realize the dual-wavelength optical switching: when without the pump light, the signal light with the wavelengths of λ s1 and λ s2 are output from Port 2 and Port 1, respectively; however, after the pump light is introduced, the spectra shifts rightwards due to the permittivity changing, therefore the outputs of signal light of λ s1 and λ s2 reverse.
According to the prototype spectra, the spectral interval between the peak-valley pairs is large, though a large spectral shifting can effectively avoid the crosstalk and increase the effective bandwidth, the pump light with extremely large intensity is required. Moreover, the working wavelength should be chosen for compatible applications with the existing optical devices. Besides, the interval between the transmission peaks at two ports around both the signal wavelengths should be the same, and equal to the spectral shifting induced by the added pump light. Therefore, in order to improve the performance of the designed device, configuration optimization on the demultiplexer was implemented especially on the pump light power and the working wavelengths. First, in order to balance the pump light requirement and the effective bandwidth, the spectral shifting rightwards is set as 30 nm with the pump light of 21 MW/cm 2 . Next, for the potential applications of the proposed demultiplexer, the signal wavelengths are set as 1310 nm and 1550 nm which are both the communication wavelengths in the optical fibers. As the working wavelengths of the signal light mostly depend on the sizes of the resonant cavities, in this design, the active control on the signal light of 1310 nm is realized by resonant cavity A and B, and that on the signal light of 1550 nm is realized by C and D. According to the decided signal wavelengths and spectral shifting, the transmission peaks of Port 1 and 2 should locate at 1280 nm/1550 nm and 1310 nm/1520 nm, respectively, indicating that when there is no pump light, signal light of 1310 nm propagates through Port 2, while another signal light of 1550 nm is guided through Port 1; when the pump light is introduced, their outputs are reversed. Considering the function of optimized active dual-wavelength optical switch based plasmonic demultiplexer mostly depends on the sizes of the resonant cavities, the optimization mainly focuses on changing the width of the four cavities, while other parameters W , L 1 , L 2 , d, s are set as 50 nm, 1520 nm, 1100 nm, 90 nm, and 20 nm, respectively, which are the same as the values in the non-optimized configuration. The FDTD algorithm is used to investigate the transmission response of the plasmonic demultiplexer. Fig. 2 show the transmission spectra at Port 1 and 2 with different sizes of resonant cavity B without the pump light. In this case, H 1 is 369 nm, H 3 is 440 nm and H 4 is 450 nm, the size of resonant cavity B determines the same wavelength of cut-off wavelength in Port 1 and the transmitted wavelength in Port 2 as 1310 nm. Additionally, spectra around 1550 nm is less influenced by the size changes of both the resonant cavities A and B; while by adjusting the configurations of resonant cavities C and D, spectra around 1550 nm is modulated according to the numerical calculation shown in Fig. 2(E) -(H). Fig. 2 (E) and (F) and 2(G) and (H) show the transmission spectra with different sizes of resonant cavity C and D without the pump light, respectively, proving that H 4 with 450 nm determines the cut-off wavelength of 1550 nm in Port 2, and H 3 with 440 nm decides the cut-off wavelength of 1520 nm in Port 1. Similarly, spectra around 1310 nm is less influenced by the size changes of both the resonant cavities C and D. Besides, the full width at half maximum of the transmission peak or valley is ∼ 30 nm in all these cases, considering the spectral shifting due to the pump light, wide enough bandwidth can be maintained according to the proposed device. Additionally, the transmission rates of the pump light at both ports are rather low as less than 2% shown in Fig. 2(I) , thus even without the band-pass filter, signal light with high proportion can still be obtained at outputs. According to the theoretical analysis and numerical verification, in the case of working wavelengths as 1310 nm and 1550 nm and pump wavelength as 730 nm, the optimal plasmonic demultiplexer has four resonant cavity sizes as H 1 = 369 nm, H 2 = 359 nm, H 3 = 440 nm and H 4 = 450 nm. A 30 nm spectral interval is maintained with pump light intensity of 21 MW/cm 2 . 
Verification and Analysis
Figure 3(A) and (B) show the transmission spectra of the optimal plasmonic demultiplexer without and with the pump light, respectively. For the signal light of 1310 nm, it outputs from Port 2 without the pump light, while from Port 1 with the pump light. For another signal light of 1550 nm, it outputs from Port 1 without the pump light, while from Port 2 with the pump light. The performance of the optimal plasmonic demultiplexer is also directly verified according to the calculated intensity distribution. When the incident light only consists of the signal light of 1310 nm, the calculated intensity in the waveguide shown in Fig. 3(C) indicates the signal light outputs from Port 2 at the right side. Besides, the directional extinction ratio defined as the power ratio between the outputs with and without the signal light as 10L g P right /P l e f t is 33.80 dB according to Fig. 3(C) . However, if the pump light with the intensity of 21 MW/cm 2 is input combining with the signal light through Port 0, both the transmission spectra of Port 1 and 2 move rightwards with a wavelength shifting of 30 nm illustrated in Fig. 3(A) and (B) , causing the signal light changes its output. The calculated intensity distribution in Fig. 3(D) shows the signal light propagates leftwards with a directional extinction ratio as 10L g P l e f t /P right of 31.24 dB. Additionally, when the signal wavelength is 1550 nm, the calculated intensity distribution in Figure 3 (E) describes that most signal light propagates towards the left output without the pump light with a directional extinction ratio of 32.16 dB. After introducing the pump light with the intensity of 21 MW/cm 2 , the signal light changes the propagation direction towards the right port with a directional extinction ratio of 35.03 dB, which can be concluded from Figure 3 (F). The numerical simulation results shown in Fig. 3(C) -(F) fit well with the theoretical design as well as the transmission spectra of the plasmonic demultiplexer. Note that the proposed plasmonic demultiplexer is able to control the dual-wavelength signal light simultaneously, it is because the signal light of 1310 nm and 1550 nm can be separately controlled by resonant cavity pairs A-B and C-D, respectively. Moreover, by changing the locations of the resonant cavities, output of the signal light can also be regulated: for example, after changing the resonant cavity A and B, the cut-off wavelengths of Port 1 and 2 exchange, thus the signal light of 1310 nm propagates through Port 1 without the pump, while through Port 2 with the pump.
The bistable behavior and the time response of the proposed dual-wavelength plasmonic demultiplexer are also quantitatively analyzed according to the numerical simulations. Fig. 4(A) and (B) provide the dependence of signal transmission with an increase and decrease of the pump light intensity at Port 1 and 2 when the signal light is 1310 nm. While Fig. 4 (C) and (D) describe the bistable behavior when the signal light is 1550 nm. All the results show clear bistability loops due to the third-order nonlinear effect of the nonlinear material. According to Fig. 4(A)-(D) , if the intensity of pump light is altered, the permittivity changing of Kerr nonlinear material induced by the spatial field intensity in the resonator generates different transmissions of the signal light. When the intensity of pump light increases, the transmission rate of the signal light with the wavelength of 1310 nm at Port 1 increases while that at Port 2 decreases, especially when the pump light intensity reaches around 7 MW/cm 2 , the change accelerates obviously. When the pump light intensity decreases, the transmission rate at Port 1 decreases while that at Port 2 increases, the rapid change occurs with the pump light intensity around 5 MW/cm 2 . While for the wavelength of 1550 nm, the transmission rate at Port 1 decreases while that at Port 2 increases with the increase of the pump light intensity, the change accelerates obviously when the pump light intensity reaches around 21 MW/cm 2 . The transmission rate at Port 1 decreases while that at Port 2 increases as the pump light intensity decreases, the changing speed increases rapidly when the pump light intensity reaches about 10 MW/cm 2 . According to the bistability loops, the realization of optical bistability only requires the pump intensity less than 25 MW/cm 2 . Besides, Fig. 4(E) -(H) illustrate the time responses of signal light with the wavelengths of 1310 nm and 1550 nm, respectively: a square pump pulse with the intensity of 30 MW/cm 2 and 1500 fs duration is input through Port 0 with the signal light. The response times of signal light switching up shown in magnified information in Fig. 4(F) and (H) are about 30 fs and 20 fs corresponding to the signal light of 1310 nm and 1550 nm, respectively, indicating femtosecond-scale feedback time. Here the switching time is calculated without considering the delay time of the Kerr nonlinear material. According to the numerical simulations on the bistable behavior and time response, it is believed that the metal-Kerr nonlinear material-metal waveguide based dual-wavelength plasmonic demultiplexer controlled by pump light can direct SPP wave into either output with low pump light intensity and fast time response.
Conclusion
In this paper, a dual-wavelength optical switch which acts as a two channel demultiplexer is proposed. The device is based on a metal-Kerr nonlinear material-metal waveguide which has the simple design and nanoscale configuration. Verified by numerical simulations based on FDTD, the signal light with wavelengths of 1310 nm and 1550 nm can be directed into either output with directional extinction ratio larger than 20 controlled by another pump light with wavelength of 730 nm. Moreover, the active optical switch based plasmonic demultiplexer can realize femtosecond-scale response only with low pump power. Considering its light control capability and integration potential, it is believed that the proposed device can be future applied in photonic and plasmonic logic circuits.
